» I E E E c o n t r o l s y s t E m
e propo s e t h at t he logarithms of closed-loop poles be drawn instead of the plain poles in root loci for continuous-time linear loops, to help visualize significant closed-loop frequency responses simultaneously at specific values of the changing open-loop parameters. We also promote the splitting of the loci into pairs of graphs showing the imaginary and real parts of the logarithms of the poles as separate functions of the changing parameters, since this allows one to foresee the effects of parameter changes on the frequency responses and, therefore, to build computational environments in which the user may steer the design of feedback control systems.
ROOT-LOCUS METHOD
The root-locus method for the design of feedback control systems was introduced by Evans in 1948 [1] , departing from the frequency-response approach based on earlier work by Nyquist and Bode and sustained by several authors (e.g., Brown, Hall, and Nichols). The method adopted one of the basic viewpoints of the frequencyresponse design in that it attempted to obtain suitable closed-loop characteristics by modifying the openloop transfer function. However, it departed from frequency responses by moving from Fourier to Laplace transforms to work with the location of closed-loop poles in the s plane as a function of some changing open-loop parameters, disregarding closed-loop transfer function zeros. Its importance was soon recognized by control community members, e.g., by Truxal [2] .
The recent revival of the frequency-response approach through works mainly on sensitivity by Horowitz, Francis, Freudenberg, Looze, Zames, and others [3] - [10] , and the fact that other closed-loop transfer functions with similar denominators but different numerators deserve the designer's attention as well, suggest that the original distance between root loci and frequency responses should be shortened.
The first proposition in this article is that root loci dealing with continuoustime loops be moved from the s plane whose axes are the imaginary and real parts of s on linear scales, to the ( ) log s plane whose axes are the angle and the logarithm of the magnitude on linear scales (or, equivalently, the angle on a linear scale and the magnitude on a logarithmic scale). Resulting plots are called logarithmic root loci to emphasize this modification. The particular intention here is to facilitate the simultaneous visualization of desired closed-loop frequency responses when specific values are chosen for the changing parameters. The clue comes from Bode plots whose axes are precisely angles and logarithms of magnitudes (on linear scales) and whose approximations are directly ruled by the logarithms of transfer function poles and zeros.
The second proposition in this article is that logarithmic root loci be split into pairs of graphs showing closed-loop pole angles and logarithms of magnitudes (on linear scales) as separate functions of the changing parameters, and that an iterative computational environment be devised including those graphs and the desired Bode plots in an orderly manner. The particular aim now is to obtain a computer aid for the design of feedback control systems which may be steered in the closedloop frequency-response domain.
aDVaNTagES Of pLOTTINg LOgaRITHMIC ROOT LOCI
Plotting of root loci in the ( ) log s plane instead of the s plane is a departure from habits initiated by Evans almost half a century ago, departing themselves from other habits in his own time and leaving Bode's frequency responses aside. Difficulty of drawing and interpreting the plots are about the same in both cases. However, plotting in the ( ) log s plane puts root loci next to frequency responses when working with continuous-time linear loops. This is a decisive advantage. It allows one to foresee the simultaneous effects of open-loop parameter changes on the desired closed-loop frequency responses and, therefore, to build computational environments in which the user may truly steer the design of feedback control systems.
Logarithmic root loci have been defined here as root loci in the ( ) log s plane. The link between logarithmic root loci and piecewise linear approximations of closed-loop Bode plots has been explored and details on some deviations from those approximations have been discussed. Rules to plot logarithmic root loci by hand have been added. A computational environment for feedback control design has been conceived by splitting logarithmic root loci into pairs of graphs relating the logarithms of the magnitudes of closed-loop poles to open-loop parameters and the angles of the poles to the parameters. This environment allows the user to foresee closed-loop frequency-response effects caused by parameter changes and to steer parameters iteratively.
the link between logarithmic root loci and piecewise linear approximations of closed-loop bode plots has been explored and details on some deviations from those approximations have been discussed.
